Introduction {#Sec04581}
============

All cells are covered with glycoproteins and glycolipids, the biosynthesis of which takes place in the endoplasmic reticulum and Golgi compartments, and involves a variety of enzymes. The expression of some of these enzymes has been shown to be important in embryogenesis, cancer, pathogen recognition, and inflammation. *N*- and *O*-glycans and glycosphingolipids are often terminated with sialic acid (Sia), a family of nine carbon carboxylated monosaccharides, with high structural diversity. Sia consists of *N*-acetylneuraminic acid (Neu5Ac), *N*-glycolylneuraminic acid (Neu5Gc), deaminoneuraminic acid (Kdn), and their derivatives with modifications, such as acetylation, lactylation, methylation, and sulfation at the 4, 7, 8, and 9 positions (Fig. [1](#Fig04581){ref-type="fig"}) \[[@CR04581]--[@CR04583]\]. These modifications of Sia have been implicated in embryonic development, protection from microbes and viruses, and modulation of complement activation \[[@CR04581], [@CR04582]\].Fig. 1Structures of sialic acid and sialoglycans described in this chapter. R~1~: CH~3~CO-, Neu5Ac; HOCH~2~CO-, Neu5Gc. R~2~: CH~3~CONH-, Neu5Ac; HOCH~2~CONH-, Neu5Gc; HO-, Kdn

Sia exists as either free or bound sugar linked to galactose, *N*-acetylgalactosamine, and other sugar residues in various positions. Furthermore, Sia links to Sia itself to form dimeric, oligomeric, and polymeric structures (diSia/oligoSia/polySia). Thus, Sia shows extremely high structural diversity due to monosaccharide species as well as linkage modes. No other monosaccharide exhibits this structural diversity. Although there are some reports showing the biological significance of Neu5Gc and Neu5,9Ac \[[@CR04581], [@CR04584]--[@CR04586]\], for the majority of modified Sia, biological roles have not been well elucidated. For this purpose, specific methods or probes to detect specifically modified Sia are absolutely necessary. In this chapter we summarize current chemical and immunochemical methods to detect modified Sia species, with a special focus on *O*-acetylated Neu5Ac, Neu5Gc, Kdn, *O*-sulfated Sia, as well as diSia, oligoSia, and polySia. Because other chapters in this volume specifically focus on *O*-acetylated Neu5Ac \[[@CR04587]\], Neu5Gc \[[@CR04588]\], and polySia \[[@CR04589]\], we restrict ourselves in this chapter to a brief introduction of the different Sia species.

*O*-Acetylated Sialic Acids (SiaAc) {#Sec04582}
-----------------------------------

The *O*-acetylated Sia (SiaAc) at the 4, 7, 8, and 9 positions frequently occurs in glycoproteins and glycolipids. SiaAc is expressed in cell type-specific and developmental stage-specific manners, and is involved in various biological phenomena, such as immune reactions, virus-cell adhesion, malignancy, and others \[[@CR04581], [@CR045810]\]. Sialate:*O*-acetyl-transferases \[[@CR04581], [@CR045811]\] and sialate:*O*-acetyl-esterases \[[@CR045812]--[@CR045814]\] are important enzymes for acetylation and deacetylation of Sia. The importance of 9-*O*-acetylated Sia during early development was evidenced by the transgenic expression of Influenza C hemagglutinin esterase in mice, leading to mice deficient in 9-*O*-acetylated Sia \[[@CR04584]\]. Recent analyses on sialate:*O*-acetyl-esterase deficient mice showed impairment of B cell-related functions that could be related to the inhibitory activity of siglec-2 (\[[@CR04585]\]; siglecs are discussed by Schwardt et al. \[[@CR045815]\]).

*N*-Glycolylneuraminic Acid (Neu5Gc) {#Sec04583}
------------------------------------

Neu5Gc is broadly expressed in mammals. Neu5Gc is synthesized by the CMP-Neu5Ac hydroxylase (CMAH), a converting enzyme of CMP-Neu5Ac to CMP-Neu5Gc \[[@CR045816], [@CR045817]\]. Due to a genetic defect in *CMAH*, humans do not express a functional CMAH and thus do not endogenously produce Neu5Gc. However, Neu5Gc can be metabolically incorporated from dietary sources (particularly red meat and milk) into glycoproteins and glycolipids. Human fetuses, tumors, and some normal tissues were shown by mass spectrometry to incorporate Neu5Gc. Moreover, Neu5Gc has been demonstrated to be metabolically incorporated and covalently expressed on cultured human cell surfaces. Metabolically incorporated Neu5Gc is immunogenic in humans \[[@CR045818]\], and the presence of human anti-Neu5Gc antibodies has been associated with tumor progression \[[@CR045819]\] and vascular inflammation \[[@CR045820]\]. For additional details see Shilova et al. \[[@CR045821]\] and Davies and Varki \[[@CR04588]\].

Deaminoneuraminic Acid (Kdn) {#Sec04584}
----------------------------

Kdn contains a hydroxyl group at the C-5 position, instead of the acetamide-group in Neu5Ac (Fig. [1](#Fig04581){ref-type="fig"}). Kdn was discovered in glycoproteins from rainbow trout eggs \[[@CR045822], [@CR045823]\]. In mammalian tissues, Kdn occurs at a very low level and amounts to \<1% of total Sia. However, expression of Kdn increases in certain ovarian cancers, and the amount is proportional to the degree of malignancy \[[@CR045824]\]. Under hypoxic conditions free Kdn increases in mammalian tumor cells. As hypoxia-resistance is a frequent property found in tumors, it is likely that Kdn supports this state of mammalian cells \[[@CR045825]\]. In rat liver, cytosolic Kdn increases in an age-dependent manner. The level of free Kdn was reported to be high in erythrocytes of the umbilical vein. These findings demonstrate that attention has to be paid to the physiological significance of Kdn in malignancy and in aging \[[@CR045823]\]. Of interest in this context, Kdn residues, in contrast to Neu5Ac and Neu5Gc, are resistant to known bacterial and mammalian sialidases \[[@CR045822], [@CR045823]\]. In salmonid fish, Kdn caps polySia chains in egg polysialoglycoproteins, thus stopping chain elongation and possibly protecting polySia from bacterial sialidase attacks \[[@CR045822], [@CR045818]\]. Biological roles of Kdn in mammals remain to be elucidated, but increase of the Kdn level in cells and tissues may be a biomarker for some cancers and in aging cells.

*O*-Sulfated Sialic Acids (SiaS) {#Sec04585}
--------------------------------

Sias are sometimes esterified with sulfate group to give *O*-sulfated Sia (SiaS). Methods for the detection of SiaS are not so well developed, and occurrence of SiaS has been only demonstrated in a limited number of animal species so far \[[@CR045826]--[@CR045834]\]. In sea urchin, 8-*O*-sulfated Neu5Ac (Neu5Ac8S) and Neu5Gc8S are present in glycolipids \[[@CR045827]--[@CR045829]\], in glycoproteins from the vitelline layer polysialylated glycoprotein \[[@CR045830]\], and in the sperm flagellar glycoprotein, flagellasialin \[[@CR045831], [@CR045832]\]. In mammals, Neu5Ac8S and Neu5Gc8S residues are found in gangliosides from bovine gastric mucosa \[[@CR045833], [@CR045834]\], and Neu5Ac8S was detected in tissues from human, rat, and mouse \[[@CR045835], [@CR045836]\]. The glycoconjugates carrying SiaS in mammals have remained undetermined with the exception of the bovine gastric gangliosides \[[@CR045833], [@CR045834]\]. Similarly, the biological significance of the SiaS in animal tissues is not known. It is interesting, however, that chemically synthesized SiaS-containing compounds have been applied as artificial inhibitors for fertilization \[[@CR045837]\] and bacterial infections \[[@CR045838]\], irrespective of the very limited knowledge on the natural occurrence of SiaS. These facts point to the potential importance of the SiaS residues in various biologic processes.

Di-, Oligo-, and Polysialic Acids (diSia/oligoSia/polySia) {#Sec04586}
----------------------------------------------------------

In most cases, Sias are present as α2,3- or α2,6-linked monosialyl residues at the non-reducing terminal positions of glycan chains on glycoproteins and glycolipids. In two cases Sia has been identified as an internal sugar between neutral sugars: Fucα1→*O* ~*glycolyl*~Neu5Gcα2-4Neu5Acα2-6Glc1- in echinoderms \[[@CR045839]\] and a polymer of →4Neu5Acα2→6Glc/Gal1 disaccharide in the capsular polysaccharides of *Neisseria meningitidis* serogroups Y and W-135, respectively \[[@CR045840]\]. Moreover, Sias can be linked to each other to form diSia, oligoSia, and polySia (by definition DP \> 8 is termed polySia). First identified in the glycocalyx of neuroinvasive bacteria, polySia has so far been demonstrated to be a posttranslational modification on six glycoproteins, the fish egg polysialoglycoprotein (PSGP), the neural cell adhesion molecule (NCAM), a voltage-gated sodium channel in eel, CD36 in human milk, NRP2 in human lymphocytes, and SynCAM-1 in mouse brain (for recent reviews see \[[@CR045841]--[@CR045843]\]). Polysialylation occurs in some tumors (probably on NCAM) and is involved in metastasis. By virtue of its net negative charge at physiological pH and exclusive volume, polySia serves as a mediator of ligand--receptor and cell--cell interactions via an anti-adhesive effect \[[@CR045844]\]. In addition, polySia has been demonstrated to function as a reservoir molecule for BDNF, dopamine, and FGF-2 \[[@CR045841], [@CR045843], [@CR045845]--[@CR045849]\] and to be involved in the regulation of ion transport via interactions with channels \[[@CR045832], [@CR045850]--[@CR045852]\]. Compared to what is known about polySia, the information on oligoSia is limited \[[@CR045843], [@CR045853], [@CR045854]\]. DiSia and oligoSia are common glyco-epitopes between glycolipids and glycoproteins. The functions of diSia on the glycolipids (GD3 and GT1b) have been well studied, while far less knowledge about the functions of diSia and oligoSia on the glycoproteins has been reported \[[@CR045855]--[@CR045857]\]. Interestingly, oligoSia and polySia with the degree of polymerization up to 16 have been recently found in glycolipids of sea urchin sperm \[[@CR045858]\], although their functions remain to be elucidated.

Chemical Analyses of Sialic Acid and Sialoglycoconjugates {#Sec04587}
=========================================================

Detection of Modified Sialic Acids {#Sec04588}
----------------------------------

### Colorimetric Analyses {#Sec04589}

To quantitate the amount of Sia at 0.1--100 μg, colorimetric analyses are most common with simple methods, and include the thiobarbituric acid \[[@CR045859], [@CR045860]\] and resorcinol methods \[[@CR045861]\]. In the resorcinol method, Neu5Ac and Neu5Gc in either free or bound form can be equally detected, while Kdn gives no color. In the thiobarbituric acid, Neu5Ac and Neu5Gc are detected only in free form, while Kdn can be detected in both free and bound forms. To quantitate the amount of Sia below 0.1 μg, a highly sensitive fluorometric high-performance liquid chromatography (HPLC)-based method is usually used. Here we focus on the detailed description of fluorometric HPLC technology.

### Fluorometric HPLC Analysis {#Sec045810}

Fluorometric HPLC analysis is currently the most sensitive and reliable method for quantitative detection of Sia in the pmol range. In this analysis, a free form of various Sia species is labeled with the fluorescent dye 1,2-diamino-4,5-methylenedioxybenzene (DMB), and fluorometrically analyzed on HPLC \[[@CR045862], [@CR045863]\]. DMB is a reagent which specifically reacts with α-keto acids, and detects not only Sia but also typical α-keto acids such as pyruvate and α-ketoglutarate. Fluorometric HPLC analysis consists of the following steps: step 1, acid hydrolysis of sialoglycoconjugates to release free Sia; step 2, fluorescent labeling of released Sia with DMB; step 3, separation and quantification of DMB-labeled Sia on HPLC.

Fluorometric HPLC analysis involves two acidic conditions. One is a hydrolysis, 0.1 N trifluoroacetic acid at 80°C for 2 h to release free Sia from sialoglycoconjugates at step 1. The second is the DMB labeling which takes place in 0.01 N trifluoroacetic acid at 50°C for 3 h (step 2). Attention must therefore be given to the acid lability of some Sia substituents. No significant degradation of Neu5Ac, Neu5Gc, and Kdn has been reported. For SiaS, the glycosidic bonds of SiaS were completely hydrolyzed under the hydrolysis conditions, while their sulfate esters are hydrolyzed by, at most, 4% \[[@CR045864]\]. No apparent desulfation occurred under the labeling conditions. The *O*-acetyl groups on Sia are very labile to basic conditions and more stable under acidic conditions. Although no quantitative data are available for the lability of *O*-acetyl group during the DMB-derivatization procedures, quantitative analysis is basically possible as long as authentic *O*-acetylated Sia compounds are used as a standard. It is of interest to note that the 8-*O*-acetyl ester is more labile than a 9-*O*-acetyl ester, and acetyl-groups tend to migrate to the C-9 position at the end, even under neutral conditions at room temperature \[[@CR045865]\]. However, no such migration takes place with the 8-*O*-sulfate ester of Sia.

In Step 3, DMB derivatives of Neu5Ac, Neu5Gc, and Kdn are separately quantitated by HPLC on an octadecylsilyl (ODS) column using acetonitrile/methanol/water (9:7:84 by volume) as the elution solution \[[@CR045824]\]. The *O*-acetylated Sia are eluted more slowly than the corresponding non-*O*-acetylated Sia. To separate the various SiaS from each other, an acidic solution of acetonitrile/methanol/0.05% trifluoroacetic acid (9:7:84 by volume) \[[@CR045864]\] is recommended. This solution will enable the separation of DMB derivatives of Neu5Ac8S, Neu5Ac9S, Neu5Gc8S, and Neu5Gc9S. For the separation of DMB derivatives of Kdn8S and Kdn9S, a solution with higher polarity, acetonitrile/methanol/0.05% trifluoroacetic acid (4:6:90 by volume), is appropriate \[[@CR045864]\]. The described protocol enabled the separation of DMB derivatives of nine different sulfated and non-sulfated Neu5Ac, Neu5Gc, and Kdn (Fig. [2](#Fig04582){ref-type="fig"}). The relative peak area represents the proportion of the peak area of each DMB-Sia to that of DMB-Neu5Ac, and can be used as an index for relative detection efficiency. Typical relative peak areas to that of DMB-Neu5Ac are shown in Table [1](#Tab04581){ref-type="table"}.Fig. 2Fluorometric HPLC of sialic acid. DMB-derivatives of Neu5Ac, Neu5Gc, Kdn, and their 8- or 9-*O*-sulfated forms are shown. DMB-derivatives were applied to an ODS column, eluted with acetonitrile/methanol/0.05% trifluoroacetic acid (4: 6: 90 by volume), and detected fluorometrically at excitation/emission 373/448 nm. The retention times (min) for the DMB-derivatives are: 13.9, DMB-Kdn9S (**1**); 14.4, DMB-Kdn8S (**2**); 16.3, DMB-Neu5Gc9S (**3**); 17.2, DMB-Neu5Gc8S (**4**); 21.8, DMB-Neu5Ac9S (**5**); 22.8, DMB-Kdn (**6**); 23.4, DMB-Neu5Ac8S (**7**); 27.9, DMB-Neu5Gc (**8**); 40.0, DMB-Neu5Ac (**9**) Table 1Typical relative peak areas for the DMB-derivatives to that for DMB-Neu5AcDMB derivative ofPeak area/pmol^a^Relative peak area^b^Neu5Ac5.0 × 10^6^1.0Neu5Ac8S2.8 × 10^6^0.65 ± 0.09Neu5Ac9S2.3 × 10^6^0.48 ± 0.02Neu5Gc3.8 × 10^6^0.72 ± 0.05Neu5Gc8S3.0 × 10^6^0.63 ± 0.04Neu5Gc9S3.3 × 10^6^0.64 ± 0.04Kdn2.3 × 10^6^0.46 ± 0.01Kdn8S0.9 × 10^6^0.21 ± 0.04Kdn9S2.0 × 10^6^0.40 ± 0.02^a^The fluorescent peak area is divided by the amounts (pmol) of the indicated Sia and SiaS glycosides^b^Relative peak areas of the Sia and SiaS derivatives are shown as peak area/pmol values relative to that of Neu5Ac glycoside. The deviations from the average are shown for two independent experiments

Detection of Oligo/Polysialic Acids {#Sec045811}
-----------------------------------

When samples containing diSia, oligoSia, and polySia structures at 10--100 μg are analyzed, conventional methods including methylation analysis \[[@CR045866]\], NMR (nuclear magnetic resonance) \[[@CR045867]\], and mild acid hydrolysis-TLC (thin layer chromatography) \[[@CR045868]\] can be applied. However, the amount of these types of glycoproteins is often too small to be analyzed by conventional methods. The fact that the di-, oligo-, and polySia-modification of glycoproteins has not often been reported suggests that these species in an organism is rare. As highly sensitive chemical methods to analyze minute amounts of di-, oligo-, and polySia were developed using highly sensitive fluorescent reagents \[[@CR045862], [@CR045869]--[@CR045872]\], the number of studies identifying di-, oligo-, and polySia increased gradually \[[@CR045843]\]. Therefore, in this chapter we are focusing on the chemical and immunochemical detection of small amounts (picogram to nanogram amounts) of sialic acid which may serve as powerful tools to reveal the importance of di-, oligo-, and polySia in nature.

The polySia glycotope exhibits structural diversity in the sialic acid components (Neu5Ac, Neu5Gc, and Kdn) in the inter-sialyl linkages (α2→5*O* ~*glycolyl*~, α2→8, α2→9, and α2→8/9) and in the degree of polymerization (DP) \[[@CR045843], [@CR045868]\]. With a highly specific reagent for α-keto acid \[[@CR045862]\], a specific labeling of di-, oligo-, and polySia became possible and products could be detected by anion exchange chromatography. This broadly used method was first developed by us \[[@CR045870]\] and was further improved in later studies \[[@CR045873]\]. With this method, di-, oligo-, and polySia on glycoproteins were frequently demonstrated \[[@CR045843], [@CR045853], [@CR045854]\].

### Mild Acid Hydrolysis-Fluorometric HPLC Analysis {#Sec045812}

Gangliosides, glycoproteins in solution or blotted on polyvinylidene difluoride (PVDF) membrane (Immobilon P, Millipore, U.S.A) are hydrolyzed with 0.01 N trifluoroacetic acid (TFA) at 50°C for 1 h to release di-, oligo-, and polySia units from the glycoconjugates. The samples were then freeze dried. To release di-, oligo-, and polySia, 20 μL of 0.01 N TFA and 20 μL of 7 mM DMB solution in 5.0 mM TFA containing 1 M 2-mercaptoethanol and 18 mM sodium hydrosulfite, are added to the samples These samples are incubated at 50°C for 1--2 h or at 4°C overnight. The DMB-labeled samples are applied to an HPLC analysis. HPLC equipped with a Mono or Mini Q HR5/5 (0.5 × 5 cm, GE, Uppsala, Sweden), Resource Q (1 mL, GE, Uppsala, Sweden), CarbopacPA-100, or DNApak1 PA-120 (4 × 250 mm, Dionex) anion exchange column, and a fluorescence detector (FP-2025, JASCO). After equilibrating the column with 5 mM to 20 mM Tris-HCl (pH 8.0) at 26°C, samples are applied and the DMB-labeled di-, oligo-, and polySia are eluted at a flow rate of 0.5--1.0 mL/min with a linear gradient of NaCl (0→0.4 M) after 15--30 min wash with 5--20 mM Tris-HCl (pH 8.0) (flow through). The fluorescence of the DMB-labeled samples is detected with a fluorescence detector at excitation 373 nm and emission 448 nm. The separation is dependent on the anion exchange column and buffer conditions. Mono Q and Resource Q are suitable for shorter oligo- and polymers. Mini Q and Carbopac PA-100 have almost the same ability to separate polymers with DPs ranging from 2 to DP 50--90 (Fig. [3](#Fig04583){ref-type="fig"}). Additionally, this method can be applied to determine the glycosidic linkage (α2→8, α2→9, and α2→5) of diSia units (Neu5Ac→Neu5Ac, Neu5Ac→Neu5Gc, Neu5Gc→Neu5Ac, Neu5Gc→Neu5Gc, Kdn→Kdn, and so on) and their component Sia species \[[@CR045870]\] according to their elution time. If the sample is pure sialyloligo or -polymer, it can be detected on a UV detector or a pulse amperometric detector (PAD) \[[@CR045871]\], instead of the DMB-derivatization/fluorometric detection method.Fig. 3Mild acid hydrolysis-fluorometric HPLC analysis. Mini Q anion exchange chromatography of α2→8-linked di/oligo/polyNeu5Ac-DMB. α2→8-Linked oligo/polyNeu5Ac was labeled with DMB and applied to a mini Q HR5/5 anion exchange column (1 mL, Cl^−^-form). The column was eluted with 5 mM Tris-HCl (pH 8.0) with a gradient from 0 to 0.3 M NaCl for 75 min and 0.3 M NaCl to 0.4 M NaCl for 120 min after 15 min wash. The elution was monitored by a fluorescence detector (set at wavelength of 373 nm excitation and 448 nm emission). Each peak is assigned from the order of elution, based on DP

To increase the sensitivity, especially in higher DP, because the labeling site is one per chain, it is recommended to separate the polySia on an anion exchange column and to label each fraction with DMB labeling after hydrolysis of the sample with 0.1 N TFA at 80°C for 1--2 h \[[@CR045872]\]. The sensitivity increases depending on their DP.

### Fluorometric C~7~/C~9~ Analysis {#Sec045813}

The periodate treatment of sialic acid residing in non-reducing terminal ends is a well-known method to modify the terminal sialic acid \[[@CR045874]\]. To observe and quantify the internal sialic acids of α2→8-linked di-, oligo-, and polySia-containing glycoconjugates, sensitive chemical methods were developed with highly sensitive fluorescent labeling reagents (DMB) as described above \[[@CR045869]\].

To perform the fluorometric C~7~/C~9~ analysis, several reagents are prepared. Solutions A--G are prepared as follows: solution A, 40 mM sodium acetate buffer (pH 5.5); solution B, 0.25 M periodate; solution C, 3% ethyleneglycol; solution D, 0.2 M sodium borohydride in 0.2 M sodium borate buffer (pH 8.0); solution E, 0.2 M trifluoroacetic acid (TFA); solution F, 0.01 M trifluoroacetic acid; solution G, 7 mM 1,2-diamino-4,5-methylenedioxybenzene (DMB) in 5 mM trifluoroacetic acid containing 1 M 2-mercaptoethanol and 18 mM sodium hydrosulfite. For glycoproteins or oligosaccharides in solution, samples (0.25--1,000 ng as Sia) are dissolved in 25 μL of solution A and 2 μL of solution B are added. After being left at 0°C for 3 h in the dark, 5 μL of solution C and 32 μL of solution D are added successively and allowed to stand at 0°C overnight. To the resultant mixture is added a pre-determined amount of Kdo (for example, as an internal standard for quantitating the resultant sialic acids) and the volume is set to 100 μL with water. Following further addition of 100 μL of solution E to adjust to 0.1 M TFA, the mixture is hydrolyzed at 80°C for 2--4 h. The hydrolysate is lyophilized by a Speed Vac. After addition of 20 μL of solution F to the samples, 20 μL of solution G is added and the samples are incubated at 50°C for 2 h (it depends on the DP). The resulting supernatants are applied to an HPLC for analysis. This method can also be applied to the samples blotted on the PVDF membrane.

The DMB-labeled sialic acids are applied to the HPLC equipped with a TSK-gel ODS-120T column (250 × 4.6 mm i.d., Tosoh), and a fluorescence detector (FP-2025, JASCO). The column is equilibrated using acetonitrile/methanol/water (9:7:84 by volume) at 26°C. Then 2--20 μL of the supernatants are applied to HPLC analysis for an isocratically flow at 1.0 mL/min and the DMB-labeled sialic acid is detected with a fluorescence detector at an excitation of 373 nm and an emission at 448 nm (Fig. [4](#Fig04584){ref-type="fig"}). The estimate of the ratios of the quantity of internal sialic acid residues (C~9~(Sia)) to that of total sialic acid residues (C~7~(Sia) + C~9~(Sia)) can then be obtained.Fig. 4HPLC profile in the fluorometric C~7~/C~9~ analysis. A typical elution profile of DMB derivatives of C7-analogues and authentic sialic acids (C9) on the fluorometric HPLC. Disialyl silalitols, 12.5 ng each of Neu5Acα2→8Neu5Acα2→8-Neu5Ac-ol and Neu5Gcα2→8Neu5Gcα2→8-Neu5Gc-ol, were subjected to the periodate oxidation/reduction/hydrolysis, DMB derivatization, and fluorometric HPLC on a TSK-gel ODS-120T column (250 × 4.6 mm i.d.). The column was eluted with acetonitrile/methanol/water (9:7:84 by volume) at 1.0 mL/min at 26°C. Elution profile was monitored by measurement of fluorescence: excitation, 373 nm; emission, 448 nm

The following limitations should be noted with respect to this method. First, this method is applicable to only α2→8-linked oligo/polymer of *N*-acylneuramininic acid, and cannot be used for DP analyses of α2→9, α2→8/α2→9-mixed linkage polymers, or α2→5*O* ~*glycolyl*~-linkage. Second, the C9-derivatives formed do not always arise from α2→8-linkages, because 8-*O*-substituted Neu5Acyl residues may also give the same C~9~-derivatives. Therefore, mild alkali treatment of samples is usually carried out prior to periodate oxidation. Third, the molar proportion of C9-derivatives to C7-derivatives does not directly represent the DP unless it is a linear polySia chain. Thus, the method does not yield the DP for multiply sialylated chains present in the same sample. In general, glycoproteins have more than one glycan chain and even one glycan chain bears two to four non-reducing terminal residues that may be terminated by monoSia or oligoSia residues.

Immunochemical Analyses of Sialic Acid and Sialoglycoconjugates {#Sec045814}
===============================================================

Immunochemical Detection of Kdn and *O*-Sulfated Sialic Acids {#Sec045815}
-------------------------------------------------------------

### Immunodetection of Kdn Using Kdn-Specific Antibodies and Kdn'ase Sm {#Sec045816}

Kdn residues are resistant to various bacterial sialidases that are often used as reagents. However, a bacterial sialidase from *Sphingobacterium multivorum*, named Kdn'ase Sm, has a unique property in that it cannot cleave the glycosidic linkages of Neu5Ac and Neu5Gc in any free glycans and glycoconjugates but can specifically cleave the Kdn glycosidic linkages in free glycans, glycolipids and glycoproteins \[[@CR045875]\]. Similar Kdn'ases are also known in hepatopancreas of oyster. These enzymes strictly discriminate Kdn from Neu5Ac or Neu5Gc, and thus provide evidence for Kdn-specific recognition phenomena in these organisms.

Two monoclonal antibodies recognizing Kdn-containing epitopes have been developed. Kdn8Kdn, a mouse IgM, recognizes α2,8-linked oligo/polyKdn with more than two residues \[[@CR045876]\]. mAb.kdn3G, a mouse IgG, recognizes the Kdnα2,3Gal- structure \[[@CR045877]\]. In immunohistochemistry, enzyme-linked immunosorbent assay (ELISA), and Western blotting using these antibodies, the results would be more reliable, if the loss of antigenicity by digestion with Kdn'ase Sm, a bacterial Kdn-specific sialidase (see below), was confirmed. Of the known lectins that recognize Neu5Ac, *Sambucus sieboldiana* lectin (SSA) can recognize the Kdnα2,6Gal-linkage better than Neu5Acα2,6Gal-linkage \[[@CR045878]\]. In a combination of SSA and Kdn'ase Sm, Kdnα2,6Gal-structure can be detected.

Kdn can be detected in free glycans, glycolipids, and glycoproteins in various cells and tissues from animals that express Neu5Ac. The expression level is very low in mammals.

### Immunodetection of SiaS Using Anti-SiaS Antibodies {#Sec045817}

Two monoclonal antibodies, mAb.3G9 and mAb.2C4, specifically recognizing SiaS, have been reported. The mAb.3G9 is a mouse IgM, and is highly specific for Neu5Ac8S. The antibody was generated using sea urchin sperm as an immunogen \[[@CR045879]\]. The mAb.2C4 is also a mouse IgM and recognizes Neu5Ac8S and Neu5Gc8S, which can compensate for the binding specificity of mAb.3G9. This antibody was prepared using sea urchin egg low density detergent-insoluble membrane as an immunogen \[[@CR045864]\]. Detection limits of mAb.3G9 (1 μg/mL) and mAb.2C4 (culture supernatant) for Neu5Ac8Sα2→8Neu5Acα2→6Glc-Cer in ELISA were 0.94 and 1.9 pg/well, respectively \[[@CR045864]\]. As in the case with Kdn'ase Sm in immunodetection of Kdn, an enzyme specifically destroying the SiaS epitopes would be a powerful tool for reliable detection. Commercially available arylsulfatases, which can remove sulfate group from sulfatide containing 3-*O*-sulfated Gal residue, have no activities on sulfate group on Sia. There are no known sulfatases that can act on the sulfate ester on SiaS. Therefore, immunochemical detection should be confirmed at least by chemical evidence to obtain reliable conclusions of the localization of SiaS.

Western blotting of sperm lysate of *Hemicentrotus pulcherrimus* using mAb.3G9 detects unique smear at 40--80 kDa, which corresponds to flagellasialin containing Neu5Ac8S-capped α2,9-Neu5Ac-linked polymers \[[@CR045831], [@CR045832]\].

Immunochemical Detection of Oligo- and Polysialic Acids by Immunoblotting and ELISA {#Sec045818}
-----------------------------------------------------------------------------------

### Immunodetection of Antibodies Recognizing di/oligo/polySia {#Sec045819}

Antibodies are powerful tools for studying the structure and function of glycotopes. However, it is very important that the immunospecificities toward linkage, DP, and component are determined in detail before use.

For α2→8-linked polySia glycotopes, several antibodies have been developed and used for the past 2 decades. Among the "so-called anti-polySia antibodies," the horse polyclonal antibodies H.46 \[[@CR045880]\] and mouse mAb 735 \[[@CR045881]\] had been the only two whose immunospecificities were specifically determined by inhibition assays \[[@CR045882], [@CR045883]\]. The immunospecificity of the majority of other "anti-polySia antibodies" remained unknown until a comprehensive examination of the immunospecificity of these "anti-polySia" antibodies was carried our using an ELISA-based method with phosphatidylethanolamine-conjugated oligo- and polySia chains as antigens \[[@CR045884]\]. It was demonstrated that the "anti-polySia antibodies" discriminate in terms of the species of Sia residues and chain length. Our group has also developed a new anti-diSia antibody using copolymers of α2→8-linked *N*-acetylneuraminyl *p*-vinylbenzylamide and acrylamide as an immunogen \[[@CR045885]\]. Thus, a large number of antibodies recognizing di-, oligo-, and/or polySia structures with defined specificities now exist and are summarized in Table [2](#Tab04582){ref-type="table"}.Table 2Antigenic specificities and class of anti-oligo/polySia antibodiesName of antibodyAnimal origin^a^ and immunoglobulin-type^b^Sia in oligo/polySia recognizedSpecificity on DP\<Group I \> *anti-polySia antibody*H.46ho, poly, IgMNeu5AcDP ≥ 8735mo, mono, IgG2aNeu5AcDP ≥ 11\<Group II \> *anti-oligo + polySia antibody*12E3mo, mono, IgMNeu5AcDP ≥ 55A5mo, mono, IgMNeu5AcDP ≥ 32-2Bmo, mono, IgMNeu5AcDP ≥ 4OL.28mo, mono, IgMNeu5AcDP ≥ 42-4Bmo, mono, IgMNeu5GcDP ≥ 2kdn8kdnmo, mono, IgMKDNDP ≥ 24F7mo, mono, IgGNeu5Ac^c^n.d.^d^\<Group III \> *anti-oligoSia antibody*S2-566mo, mono, IgMNeu5AcDP = 2^e^1E6mo, mono, IgMNeu5AcDP = 2A2B5mo, mono, IgMNeu5AcDP = 3AC1mo, mono, IgG3Neu5GcDP = 2--4^a^ *ho* horse, *mo* mouse^b^ *poly* polyclonal, *mono* monoclonal^c^α2→9-linkage specific^d^ *n.d*. not determined^e^Neu5Acα2→8Neu5Acα2→3Gal. Gal residue is required

Interestingly, the anti-oligo/polySia antibodies can be classified into three groups, based on the immunospecificity for chain length and the involvement of the non-reducing terminus in the antibody recognition site. Group I consists of the "anti-polySia antibodies" that recognize chains of α2→8-linked Sia with a DP ≥ 8, including fully extended polySia chains with a DP \~ 200--400. These antibodies recognize the helical conformation formed by Sia residues within the internal region of the polySia chains, but not the non-reducing terminal residues. Group II antibodies, designated as "anti-oligo + polySia antibodies," recognize both oligoSia with DP 2--7 and polySia chains. These antibodies recognize the distal portion of oligo/polySia chains, including the non-reducing termini. Group III antibodies, designated as "anti-oligoSia antibodies," recognize specific conformations of di- and oligoSia with a DP 2--4, but do not bind polySia. Group III antibodies can be further classified into two subgroups. One group is composed of "anti-diSia antibodies" that recognize the diNeu5Ac structure (S2-566, 1E6), and the other includes the "anti-oligoSia antibodies" (AC1). Group II and III antibodies would be useful for detecting and determining di- and oligoSia structures, in combination with treatment with exo- and endo-sialidases, as described below (Table [3](#Tab04583){ref-type="table"}). The antibodies can be applied to Western blotting (Fig. [5a](#Fig04585){ref-type="fig"}), immunocytochemistry (Fig. [5b](#Fig04585){ref-type="fig"}), and FACS analysis (Fig. [5c](#Fig04585){ref-type="fig"}) \[[@CR045886]\].Table 3Reactivity of di-, oligo-, and polySia chains toward biochemical probesBiochemical probesdiSiaoligoSiapolySiaDP = 2DP = 3--7DP ≥ 8Group I antibody−−+Group II antibody−++Group III antibody++ or −−Endo-sialidase (endoN)−− or + ^a^+Endosialidase^b^−++α2,3-Sialidase/α2,6-sialidase−−−α2,3-, α2,6, α2,8-Sialidase++++ reactive or sensitive, − unreactive or insensitive^a^+ in case of DP = 6,7^b^Refer to \[[@CR045891]\] Fig. 5TriNeu5Ac epitopes in mouse brain homogenates and Neuro2A cells. (**a)** Western blots of mouse brain homogenates with anti-trSia antibody (A2B5) and anti-oligo/polySia antibody (12E3). The photos are cited from \[[@CR045885]\]. (**b)** Cell surface staining with A2B5 using fluorescent microscopy. The mouse neuroblastoma cells were incubated with retinoic acid at 20 μM in 2% FBS in DMEM and differentiated into neurons. At day 3, the cell surfaces were immunostained with anti-triSia antibody (A2B5, Green), and anti-NCAM antibody (Red). (**c)** Cell surface immunostaining with anti-triSia antibody using flowcytometer. Neuro2A cells were transfected with ST8Sia III gene although the cells have its enzyme endogenously. The stably ST8SiaIII expressing cells were immunostained with anti-triSia antibody before, and after exosialidase treatment

Surprisingly, anti-diSia antibodies obtained after immunization with gangliosides, developed, and used as anti-ganglioside antibodies can recognize cytosolic proteins such as carbonic anhydrase II \[[@CR045887]\] although they recognize diSia epitope on glycoproteins. These phenomena might explain the cytosolic immunostaining with those anti-ganglioside antibodies in part. The protein mimicry should be considered and confirm the epitope with those antibodies.

### Use of Endo-Sialidases and Exo-Sialidases for the Detection of OligoSia and PolySia {#Sec045820}

Endo-sialidase (for a detailed description see Jakobsson et al. \[[@CR045888]\]) can serve as a specific molecular probe to detect and selectively modify α2→8-linked polySia chains. The soluble enzyme derived from bacteriophage K1F, designated endoN, catalyzes the depolymerization of polySia chains as follows: (→8Neu5Acylα2→)~*n*~−X (*n* ≥ 5) → (→8Neu5Acylα2→)~2−4~ + (→8Neu5Acylα2→)~2~−X. Two other types of endo-sialidases whose substrate specificities are different from the endoN of bacteriophage K1F \[[@CR045889]\] have been isolated: endoNE \[[@CR045890]\] and an endosialidase \[[@CR045891]\] from a bacteriophage. The minimum chain length required for cleavage is DP ≥ 11 and DP ≥ 3, respectively. Exo-sialidases have been isolated that cleave specific linkages, for example, α2,3-sialidase (NANase I), α2,3-, α2,6-sialidase (NANase II), α2,3-, α2,6-, α2,8-sialidase (NANase III), and α2,3-, α2,6-, α2,8-, and α2,9-sialidase. As the endoN is insensitive toward di- and oligoSia structures and they should be cleavable by these exosialidases, it is possible to confirm the length of given di-, oligo-, and polySia chains in conjunction with endo- and exo-sialidase treatments before and after immunostaining with anti-diSia, oligoSia, and polySia antibodies (See Table [3](#Tab04583){ref-type="table"}) \[[@CR045843], [@CR045853], [@CR045854]\].

Finne et al. established a specific probe for detection of polySia from endoNE that inactivates its enzymatic activity but not its ability to bind to polySia \[[@CR045892]\]. They succeeded in the detection of polySia-NCAM with this probe.

Immunohistochemistry for Specific Sialic Acids {#Sec045821}
==============================================

When tissues are removed from the body during surgery, or during an autopsy, the onset of autolysis occurs promptly. This can thwart efforts to isolate nucleotides or certain enzymes and proteins, or to perform high quality histology. Thus tissue ideally has to be flash-frozen for extracts, or frozen in cryoprotective agents, or fixed, using different procedure-dependent fixatives, for analysis using histopathology. Immunohistochemistry is the process whereby tissue sections are probed with antibodies to determine which cells contain epitopes of interest. The bound antibody is then detected using secondary and/or tertiary reagents, using fluorescent tags, or enzyme labels. If using enzyme labels, detection is facilitated using a number of different substrates, which produce precipitates, which are visible under the microscope. The nuclei are counterstained so that the morphology of the tissue can then be recognized during the analysis of the slides. In all immunohistochemistry experiments, to determine specificity, it is important to use specific blocking or inhibitory reagents. Processing of tissues into paraffin destroys many antigenic epitopes and additional unmasking methods often have to be used to detect antigens that are left after the processing. However, some changes are irreversible, such as the extraction of glycolipids during the paraffin embedding process. Immunohistochemistry remains an exact science, and appropriate use of controls and blocking agents are critical while analyzing results.

Lectins are carbohydrate-binding proteins, usually derived from plants, and have been used as tools to detect changes in glycan branching presentation on different cells. Mice that have been genetically altered to be deficient for specific sialyltransferases are then useful as important controls to demonstrate specificity of some lectin binding patterns. This was demonstrated nicely in a report \[[@CR045893]\] describing mice deficient in the sialyltransferases ST6Gal-I (transfers α2-6-linked Sia to Galβ1-4GlcNAc units, mostly on *N*-glycans), or ST3Gal-I (transfers α2-3-linked Sia to Galβ1-3GalNAc units, mostly on *O*-glycans). *Sambucus nigra* agglutinin (SNA) staining was lost in essentially all tissues of adult ST6Gal-I null mice, indicating that this is the only enzyme generating the Siaα2-6Galβ1-4GlcNAc sequence. Lectin histochemistry with the α2-3-Sia-specific *Maackia amurensis* Hemagglutinin (MAH or MAL-II) showed loss of binding in almost all tissues of ST3Gal-I null mice. However, use of the other isolectins of the *Maackia amurensis* seeds, the MAL-I lectin, or the MAA lectin, showed continued binding to many tissues from the ST3Gal-I null animals (Fig. [6](#Fig04586){ref-type="fig"}).Fig. 6Differences in binding to frozen sections of mouse thymus, from wild type animal (*left column*) and from ST3Gal-I homozygous mutant (*right column*) observed with MAL-I and MAL-II, detected using the Cy3 fluorescent streptavidin label. *Top row* shows hematoxylin and eosin stained sections of the thymus, with dark blue cortex and lighter staining medulla. *Middle row* shows binding of MAL-I to thymus from both wild type (*left*) and ST3Gal-I null animals (*right*). *Bottom row* shows binding of MAL-II (MAH) lectin to the thymic medulla of the wild type mouse (*left*) and only minimally to structures in the thymic medulla from ST3Gal-I null mouse (*right*). *Scale bar* = 500 μm

Different isolectins have been isolated from *Maackia amurensis* seeds \[[@CR045894], [@CR045895]\] and have been used as probes for sialic acids that are α2-3-linked to the penultimate galactose residues. The two most commonly used isolectins are the leukoagglutinin (MAL) and the hemagglutinin (MAH). Some commercial vendors use the term MAA to denote probes for sialic acids that are α2-3-linked, but in fact MAA is a mixture of MAL and MAH \[[@CR045896], [@CR045897]\]. In both MAL and MAH the glycine and asparagines involved in sugar binding were substituted by lysine and aspartic acid, respectively, \[[@CR045894], [@CR045898]\] and shown to be important in sialic acid binding. Investigators, using biochemical methods, have described the carbohydrate binding specificity of these lectins, and some have also described the lectin histochemistry profile. However, many of the histochemistry studies use MAL or MAA, and only rarely has MAH been used to ascribe the binding being used to identify α2-3-linked sialic acids. Most recently, it was shown that effective glycoanalysis with *Maackia amurensis* lectins requires a clear understanding of their binding specificities \[[@CR045899]\].

Detection of 9-*O*-Acetylated Sialic Acids in Mammalian Tissues {#Sec045822}
---------------------------------------------------------------

In mammalian tissues, 9-*O*-acetylation is often associated with gut mucins, neural gangliosides, and erythrocytes. Direct demonstration of the presence of 9-*O*-acetylated Sias in mammalian tissues was indirect (modifications of the PAS technique) until the development of a chimeric dual-functional probe derived from influenza-C hemagglutinin esterase (InfCHE). This probe was constructed using a soluble and versatile form of the InfCHE that retains both the hemagglutinin and esterase activity and also has the binding properties of IgG Fc. The esterase activity is very similar to that of the native protein, and pH conditions can be adjusted to remove either 9-*O*-acetyl groups alone or both 9- and 7-*O*-acetyl groups completely (by causing migration of the latter to the 9-carbon position). DFP (di-isopropyl fluorophosphates) inactivation stabilizes and "unmasks" the hemagglutinin activity, resulting in a probe that specifically detects 9-*O*-acetylated sialic acids at ambient temperatures. Since CHE-FcD and CHE-Fc differ only by a single di-isopropyl group, each can be used as control for the other. Thus, when the CHE-Fc is used to remove 9-*O*-acetyl esters, the CHE-FcD can be used as an inactive control. Conversely, when CHE-FcD is used to probe for 9-*O*-acetylated Sias, the CHE-Fc can be used as a control for nonspecific binding. The two forms can even be used sequentially; i.e., treatment with CHE-Fc can be used to remove the 9-*O*-acetyl esters prior to probing with CHE-FcD, leaving only nonspecific staining, if any. It should be noted that the CHE-Fc does have a masked hemagglutinin activity, which can give a weak positive response at low temperatures, and even at ambient temperatures if the density of *O*-acetylated Sias is very high \[[@CR04586], [@CR0458100]--[@CR0458105]\].

Tissue expression of 9-*O*-acetylated Sias was best analyzed using frozen sections, using the probe CHE-FcD pre-complexed to the secondary antibody. There were differences in expression of 9-*O*-acetylated Sias in tissues isolated from rats and those from mice. As shown Fig. [7](#Fig04587){ref-type="fig"}, there was abundant expression in rat liver, rat lung, in the glomeruli of rat kidney, and gray matter of rat brain. However, although mouse red blood cells and blood vessels showed expression of 9-*O*-acetylated Sias with the CHE-FcD probe, expression was not robust in mouse liver and mouse lung, but was instead present in the T-cell areas of lymphoid follicles in spleen, in the mature lymphoid medulla of the thymus, gray matter of the brain, and adrenal medulla.Fig. 7Differences in binding seen with the probe for 9-*O*-acetylated sialic acids, CHE-FcD, to mouse and to rat sections. As shown, 9-*O*-acetylated sialic acids are abundantly expressed in rat liver but not in mouse liver, although it is present on mouse red blood cells (*right*). It is also expressed on rat kidney glomeruli but not in the mouse kidney where it is present only on some medullary vessels. There is a different distribution in spleen from rat and mouse, and is present in rat lungs but not in mouse lungs; and diffusely in rat brain (*left*) and only in gray matter of mouse brain (*right*). *Scale bar* = 50 μm

Since the submaxillary gland mucins of many species have been reported to have high concentrations of 9-*O*-acetylated Sias, it was surprising to find no significant staining in the parenchyma of the rat or mouse submaxillary gland. Lipid overlays and protein blots confirmed that this is not due to inaccessibility of molecules on the tissue section. It is possible that the sialic acids of rat submaxillary mucins are 4-*O*- rather than 9-*O*-acetylated \[[@CR0458106]\].

The hemagglutinin esterases of influenza C viruses and certain nidoviruses, including group 2 coronaviruses, recognize 9-*O*-acetylated Sia-containing glycoconjugates on the surface of host cells, and some can remove the 9-*O*-acetyl moieties \[[@CR04585], [@CR0458107], [@CR0458108]\]. Recombinant soluble forms of the bovine coronavirus HE with and without inactivation of the esterase active site have been reported, and these molecules may be more stable than the InfCHE reagents. However, localization to tissue sections using immunohistochemistry has not yet been reported with the bovine coronaviruses reagents.

Detection of Neu5Gc in Human Tissues {#Sec045823}
------------------------------------

Humans are genetically defective in synthesizing the common mammalian sialic acid Neu5Gc. It has been shown that Neu5Gc can be metabolically incorporated and covalently expressed on cultured human cell surfaces. Thus humans can also metabolically incorporate Neu5Gc into glycoproteins and glycolipids of human tumors, fetuses, and some normal tissues, likely from dietary sources (particularly red meats). Mass spectrometry confirmed the presence of small amounts of Neu5Gc in these human tissues.

As birds also do not synthesize Neu5Gc \[[@CR0458109]\], it is possible to raise good anti-Neu5Gc antibodies in chickens, A polyclonal chicken anti-Neu5Gc was purified using a novel affinity method, utilizing sequential columns of immobilized human and chimpanzee serum sialo-glycoproteins, followed by specific elution from the latter column by free Neu5Gc, This purified anti-Neu5Gc antibody was used to characterize the expression of Neu5Gc in normal human and malignant tissues (Table [4](#Tab04584){ref-type="table"}).Table 4Expression of Neu5Gc in human tissuesAll organsColonKidneyEpithelial carcinomasLymphomas, melanomasBlood vesselsLuminal edge of epithelial cellsGlomeruliAbout 30% of breast, ovary, prostateOnly on blood vessels

Examination of frozen tissue sections showed expression in blood vessels, some epithelia, and in certain epithelial carcinomas \[[@CR045820], [@CR0458110], [@CR0458111]\]. Specificity of binding is confirmed by using a control IgY, and by inhibition using Neu5Gc rich chimpanzee serum. About 30% of breast, ovarian, and prostate carcinomas from humans showed expression of Neu5Gc (Fig. [8](#Fig04588){ref-type="fig"}).Fig. 8Examples of results from immunohistochemistry on human malignant tissues, using a purified polyclonal chicken anti-Neu5Gc antibody. As shown, Neu5Gc is expressed on blood vessels and on malignant cells (*left side*) and the binding is blocked when using Neu5Gc rich chimpanzee serum. *Scale bar* = 50 μm

Other than expression within blood vessels within the malignant tissue, no expression was observed in melanomas and lymphomas using this three-step immunohistochemistry method. Paraffin sections showed a marked loss of expression, as did pre-incubation of frozen sections with methanol, indicating that the Neu5Gc epitopes are likely to be present mostly on glycolipids.

Conclusion and Perspectives {#Sec045824}
===========================

Structural diversity of Sia is not so large in each animal compared with that which we know in nature. In humans, Neu5Ac is a dominant Sia species, with NeuGc and Kdn contributing to only small amounts. 9-*O*-Acetylated Neu5Ac is a major modified Sia, but is still a minor form of total Neu5Ac in human. In rainbow trout, on the other hand, Neu5Ac, Neu5Gc, and Kdn appear to be equally expressed, although in a tissue-specific manner. Therefore, which Sia species each animal expresses for particular biological roles depends on the animal species. Evolutional pressures for the selection of Sia species may come from critical interactions for survival of life, such as pathogen--host interactions, and species-specific sperm--egg interactions in fertilization. Thus, in some cases, a particular Sia species is specifically functional; in other cases, no specific Sia is necessary. The presence of Kdn-specific sialidase in bacteria, the preferential recognition of Neu5Gc by mouse siglec-2, and an inhibitory effect of polySia, but not di- and oligoSia, on homophilic binding of NCAM may exemplify the significance of the structural diversity of Sia species. Importantly, modifications of Sia are often changed dynamically, including the *O*-acetylation/de-*O*-acetylation cycle and transient degradation of polySia to oligoSia. However, currently there is very little knowledge available about the enzymes involved in these modification/re-modification reactions. Future studies will be directed toward this identification of Sia-modification enzymes and their genes.
